We studied the effect of severe reduction of beta-cell mass by 90 % pancreatectomy on the immune tolerance to the endocrine pancreas. Four months after subtotal pancreatectomy all LEW.Han rats had developed mononuclear infiltration of islets and 9of 14 rats were positive for islet-cell antibodies. Electron microscopy revealed lymphocytic invasion of endocrine tissue, lysis of beta cells and phagocytotic macrophages. None of these changes were seen 2 weeks after 90 % pancreatectomy or 4 months after 10 % pancreatectomy. Weekly substitution of islet antigens in the form of a homogenate of 100 islets into 90 % pancreatectomized LEW.Han rats almost completely prevented the development of insulitis and autoantibodies. The dependence of insulitis on T cells was shown when 90% pancreatectomy in LEW.rnu rats (i.e., the congenic athymic nude strain), did not result in islet infiltration. The exocrine tissue remained normal in all experimental groups. During the observation period insulitis was not associated with overt diabetes but was accompanied by substantial enlargement of islets and of betacell mass, as shown by morphometry. Suppression of islet inflammation by injection of islet antigens abolished beta-cell regeneration, despite continuing metabolic stress in rats with 90 % pancreatectomy. The findings indicate induction of islet autoimmunity in response to 90 % but not to 10 % pancreatectomy. We conclude that severe reduction of the islet-antigen mass allows the development of T-cell-dependent islet autoimmunity which indicates a loss of immune tolerance. In addition, the data suggest the existence of islet-antigen autoreactive immune cells in rats not genetically predisposed to autoimmune diabetes. Finally, we conclude that selective beta-cell regeneration occurs in association with insulitis. [Diabetologia (1995[Diabetologia ( ) 38: 1397[Diabetologia ( -1404 Key words Autoreactive T cells, self-tolerance; beta cell, pancreatectomy, regeneration.
disease autoimmune T-cell clones recognising hitherto unidentified beta-cell antigens are able to transfer the disease to non-diabetic recipients [4] [5] [6] [7] .
The mechanism causing the loss of immune tolerance to beta-cell antigens in diabetes-prone NOD mice or in human IDDM is not known. However, recent experiments on several transgenic mouse strains differing in the amount of autoantigen expressed suggested that the quantity of antigen available to the immune system determines the quality of immune tolerance which develops [8] . The sequestration of specific beta-cell antigens to the endocrine pancreas has led to the suggestion that immune tolerance to such antigens may not occur during thymic maturation, but may require continuous peripheral tolerance mechanisms. Alternatively, the immune system may ignore certain beta-cell antigens. Indeed, several experiments with animals expressing a new antigen in beta cells, introduced by rat insulin promoter-linked transgenes support the existence of peripheral tolerance [9] [10] [11] . Immune ignorance was believed to account for the lack of response to lymphocytic choriomeningitis viral glycoprotein on beta cells of transgenic mice [12, 13] . This type of beta-cell immune tolerance was overcome by co-expression of immunostimulatory cytokines in beta cells [14, 15] . Furthermore the introduction of islet antigens into the thymus of NOD mice by means of islet transplantation or protein injection preserved immune tolerance to beta cells and prevented autoimmune diabetes [16, 17] . These studies identify the availability of beta-cell antigens as being critical for immune tolerance mechanisms. In fact, earlier work in fetal lambs demonstrated that surgical removal of the thyroid gland prevents the development of immune tolerance to thyroid antigens. Self thyroid tissue reintroduced about 2 months later developed autoimmune thyroiditis [18[. We therefore studied the impact of surgical removal of most of the beta-cell tissue in rats. This animal model was achieved by 90 % pancreatectomy (PX), after which the animals were analysed for a possible loss of immune tolerance to beta cells. E. F. Lampeter et al.: Self-tolerance to beta cells pancreatic tissue. Serial sections were cut stepwise at 100-~m intervals in order to analyse islets throughout the remaining pancreatic tissue. To stain for insulin anti-porcine insulin serum from guinea pig 1:400 (Dako, Hamburg, Germany) was used as primary antibody and Vectastain ABC Kit with antiguinea pig IgG (Camon, Wiesbaden, Germany) as detection system. Rabbit anti-glucagon serum 1:300 (Dako) and Vectastain ABC kit with anti-rabbit IgG (Camon) were used to detect alpha cells.
Quantitative morphometric analyses of total pancreas section area, islet area, islet shape, insulin and glucagon positive area was done using an IBAS 2 (Contron/Zeiss, K61n, Germany) with build-in interactive image analysis software package. At least 30 islets were measured from each animal. All morphologic analyses were made with coded slides in a blinded fashion.
Electron microscopy was performed on the same specimen, the pancreata having been cut in half prior to fixation. Tissue preparation was performed exactly as described previously [21] . Semithin sections of the specimen were first screened for the presence of islets and then ultrathin sections were examined under the electron microscope. Twenty-three islets from seven animals were examined (three of the control group and four of group PX 4 months).
Indirect immunofluorescence was used to measure islet cell antibodies (ICA) on sections of fresh frozen LEW.Han pancreas [22] . Sera were preabsorbed with human recombinant insulin (5 mU/100 ~tl). Results are expressed as endpoint titres.
Statistical analyses

Materials and methods
Animals and pancreatectomy. Inbred female LEW.Han rats were obtained from the Zentralinstitut ft~r Versuchstierkunde, Hannover, Germany at the age of 6-8 weeks and kept in the animal facilities of the Diabetes Research Institute. The animal research project was approved by The Regierungspr~isi-dent D%seldorf (#26.4203.1-40/91). PX was performed by a modification of Korec's method [19] . Several experimental series were performed, and control and experimental groups were always done in parallel.
A) Control, no PX (18 rats); B) PX 2 weeks, 90 % PX and follow-up of 2 weeks (3 rats); C) PX 4 months, 90 % PX and follow-up of 4 months (14 rats); D) 10 % PX, 10 % PX and follow-up of 4 months (6 rats); E) PX 4 months + islet antigen (Ag), PX 4 months with weekly s.c. injections of LEW.Han islet homogenate (5 rats); F) LEW.rnu PX 4 months, 90 % PX of congenic athymic female LEW.rnu rats and follow-up of 4 months (3 rats).
Islets were prepared by collagenase digestion, hand-picked and resuspended in tissue culture medium (RPMI 1640, Gibo BRL, Eggenstein, Germany) as described [20] . An islet homogenate was prepared by five cycles of freezing and thawing. A 500-~tl homogenate of 100 islets was injected weekly. The insulin content was determined to be below 300 ~U/500 ~tl by commercial radioimmunoassay using a rat insulin standard [20] . Blood glucose measurements were done weekly by the hexokinase method (Glukoquant; Boehringer Mannheim, Mannheim, Germany).
Immunohistochemistry and rnorphometry.
Haematoxylin eosin, Berlin blue, insulin and glucagon staining were performed on consecutive sections of formalin-fixed paraffin-embedded Chi-square test with alpha and contingency correction or Student's t-test were performed to test for statistical significance of differences among groups. Statview 512 + and StatWorks software on an Apple Macintosh computer were used.
Results
Induction of autoimmunity. Four months after 90 %
PX all the LEW.Han rats (group C) developed immune reactivity towards the remaining beta cells with insulitis and islet-cell antibodies (ICA). The hallmark of this reaction was moderate to severe insulitis in all (14 of 14) pancreas remnants investigated. Approximately one third of the islets were infiltrated ( Table 1 ). The histologic picture is a chronic inflammation of islets with infiltration by mononuclear cells, granulocytes and significant connective tissue reaction (Fig.l) . Hemosiderin deposits were found within and at the margin of infiltrated islets, indicating extravasation of erythrocytes and/or death of islet cells. These light microscopy findings were further supported by electron microscopy. At the electron microscopic level large areas of destroyed beta cells were visible (Fig.2 a) . Lymphocytes in contact with islet cells were seen (Fig. 2 b) . In addition, actively phagocytosing macrophages (Fig. 2 c) and extravasated erythrocytes (Fig. 2 d) were abundant throughout the islets. None of the described changes were found 2 weeks after PX (group B) or after 10% PX Insulitis was defined as the presence of > 10 m o n o n u c l e a r cells p e r islet section. D a t a shown are m e a n s + SD.
a p < 0.05 vs controls or PX 4 months islet Ag-treated rats, respectively In addition to chronic insulitis most of the animals (9 of 14) had developed ICA 4 months after 90 % PX (group C). ICA titres ranged between 2 and 16 ( Table 1) .
The exocrine pancreas appeared to be entirely normal despite the hemosiderin deposits surrounding the islets. No sign of cellular infiltration or proliferation of endothelial and connective tissue cells were seen. In some pancreatectomized animals, areas with end-stage fibrotic pancreatitis were observed adjacent to the site of former pancreas cleavage. These regions did not extend beyond the natural borders of the lobuli, indicating ischaemic destruction of tissue due to surgical manipulation. Such areas were excluded from histologic examination. In no case was pancreatitis seen.
When the animals were treated with weekly injections of syngenic islet homogenates (group E) all previously described features of autoimmunity were rarely found or were absent. The number of infiltrated islets was significantly reduced by the treatment (Table 1) . Similarly, hemosiderin deposits and changes of islet shape were rarely seen (Table 1) . Concomitantly with strongly reduced morphological signs of cellular autoimmurlity, only one of five animals receiving islet homogenate substitute still developed ICA (Table 1) .
Finally, when 90 % P X was performed in the athymic congenic LEW.rnu strain insulitis was not ob- Number of islets and rats analysed were the same as in Table 1 . Serum insulin shown are means + SD. a p < 0.05 vs control or PX 4 months islet Ag-treated rats, respectively levels were determined at the day of killing. Data served, hemosiderin deposits were rare and shape of islets remained unchanged (Table 1) . Two out of three animals showed ICA.
Regenerative responses at tissue level. Beta cells strongly responded to insulitis by regenerative proliferation (group C). After 4 months the total insulin immunoreactive portion of the pancreas remnant was approximately 3 times larger than in the head of the pancreas of control animals (group A) or 14 clays after PX (group B) or after 10 % PX (group D) while the glucagon-reactive area remained unchanged (Table 2). Together with the described connective tissue hyperplasia, islets were large and irregularly shaped (Fig. 1) . Most non-infiltrated islets appeared normal or moderately changed in architecture and size. Also, the total relative islet area was markedly increased after 90 % PX as revealed by quantitative morphometric analyses (Table 2 ). These regenerative changes were not seen in groups B, D and E Likewise, treatment with syngenic islet homogenate dur- ing 4-month survival (group E) prevented both insulitis and almost all of the regenerative islet and betacell reactions (Table 2 ). This finding associates betacell regeneration with islet inflammation. The same result was found when analysing the architecture of islets. Large irregularly-shaped and infiltrated islets were seen in considerable numbers 4 months after 90 % PX but were virtually absent if animals received islet homogenate to maintain selftolerance (Table 3 ). The mean size of these irregularly shaped islets was 53.5 + 12.4 x 103 ~tm 2 while normal round islets were determined as having mean areas of 8.5 to 14.5 ~m 2 (p < 0.01, Student's t-test). The total number of islets per mm 2 of pancreas tissue was not different between groups. Thus, the increase in relative islet and beta-cell area 4 months after 90 % PX is primarily due to the formation of large islets with irregular architecture and insulitis.
None of the pancreatectomized LEW.Han rats developed overt diabetes. Only slight and transient abnormalities of blood glucose levels were observed in long-term PX rats (transient fasting blood glucose levels 6.6-8.8 retool/1 at 1-3 weekly blood glucose measurements in 13 of 14 of the group PX 4 month rats and in 2 of 6 group PX 4 months + islet Ag rats compared to none in all other groups, p < 0.05, chisquare test with continuity correction). Serum insulin and blood glucose levels were normal in all groups when the animals were killed ( Table 2) .
Discussion
The data show that 90 % PX in LEW.Han rats is followed by immune reactivity to islets within 4 months as evidenced by the spontaneous development of insulitis. In addition, the formation of ICA was observed in the majority of cases; all of the pancreata Number of rats and islets analysed were the same as in Table 1 . "Small" islets may in part represent peripheral sections of larger islets. Data shown are means + SD. The mean size of normal round islets was 8.5 + 0.8 in controls, 11.2 + 3.7 in PX 2 weeks, t4.5 +-13.6 in PX 4 months and 13.1 + 4.5 x 103 gm 2 in PX 4 m + islet Ag. a p <0.05 vs controls or PX 4 m + islet Ag-treated rats, respectively
showed severe morphological changes of islets associated with chronic mononuclear cell infiltration. In one pancreas islets with severe insulitis, normal noninfiltrated islets and small islets were visible simultaneously, a feature resembling human IDDM and animal models such as Bio-breeding rats or NOD mice [23] [24] [25] . Electron microscopic studies revealed lysis of beta cells, lymphocytes invading the endocrine tissue and phagocytosis of beta-cell material by macrophages. Different experiments were performed to exclude reasons for insulitis after 90 % PX other than a loss of immune tolerance. In one experiment, rats were studied 2 weeks after subtotal PX. At that time any inflammatory tissue reactions in or around islets were absent. In addition, insulitis was not observed 4 months after removal of only 10 % of the pancreatic tissue but with the same tissue stress due to laparatomy and comparable tissue damage at the cutting site. These controls exclude that surgical manipulation causing an immune response was not a cause of the insulitis observed. Two factors were obviously important, the amount of tissue/antigen left and the time after removal to shift from unresponsiveness to islet reactivity.
The fact that insulitis takes several months to develop and occurs only in animals with minimal residual beta-cell mass is consistent with earlier studies showing that the memory of T cells to foreign antigen is lost in the absence of antigen only after 6-12 weeks [26] .
The second experiment to test the hypothesis of spontaneous loss of tolerance was to substitute islet antigens by weekly administration of homogenated syngenic islets. This treatment almost completely prevented insulitis and the associated inflammatory tissue reactions. Finally, athymic congenic LEW.rnu rats did not develop insulitis after 90 % PX. This indicates T-cell dependence of the autoimmune reaction observed.
This result has important implications. Firstly the normal unresponsiveness to beta-cell antigens appears to be dependent on the amount of antigen present in the periphery [27] . Thus, the natural unresponsiveness to beta cells has the characteristics of peripheral tolerance since it could be maintained by subcutaneous administration of islet antigens. These findings do not exclude that immune ignorance contributes to unresponsiveness to beta-cell antigens as has been shown for viral glycoproteins expressed in islets [12, 13] . Secondly, the loss of immune tolerance and development of islet inflammation does not necessarily require a genetic predisposition to islet autoimmunity. LEW.Han rats do not carry any of the two major diabetes susceptibility genes of BB rats, RT1 u and the lymphopenia tumour necrosis factor (TNF)~ hypersecretion locus [28] . At the same time, the data give evidence for the existence of islet-antigen autoreactive immune cells in rats not genetically predisposed to autoimmune diabetes. Earlier studies by Schluesener and Wekerle [29, 30] in neuroimmune diseases have also shown the presence of autoaggressive T cells in the normal immune repertoire [29, 30] . Adoptive transfer experiments with lymphocytes from 90 % PX animals into syngenic irradiated rats may add to the data presented here and are presently underway.
Finally, the loss of tolerance to beta cells occurred despite normal or near-normal levels of circulating insulin. We conclude that physiological levels of insulin are not sufficient to maintain natural immune tolerance to beta cells.
The observation of transient mild hyperglycaemia in 90 % pancreatectomized rats indicates that beta cells are severely stressed under these conditions. However, the immune responses observed do not appear to include new "stress antigens" of beta cells. The insulitis could be prevented by antigen preparations from non-stressed islets and we did not find additional or higher titre islet-cell antibodies when using the residual tissue of 90 % pancreatectomized rats as substrate (unpublished data).
During the observation period of 4 months none of the animals developed overt diabetes in response to 90 % pancreatectomy. Recent studies in the NOD mouse model have suggested that chronic autoimmune insulitis causes substantial destruction of beta cells only if accompanied by expression of genes for interferon gamma and inducible nitric oxide synthase. Chronic insulitis in the absence of diabetes is seen in a fraction of female and the majority of male NOD mice. Such non-destructive insulitis is characterised by dominance of interleukin 4 and interleukin 10 expression [31] [32] [33] . Whether these findings can be extrapolated to the rat is presently not known. However, in the BB rat model the phenomenon of nondiabetogenic insulitis has also been observed [34] .
Subtotal PX induces organ regeneration including exocrine and endocrine tissue [35] [36] [37] [38] . We found here an additional beta-cell selective type of regeneration which only occurred in conjunction with islet inflammation 4 months after 90 % PX. A selective increase of the beta-cell mass was not seen during the early regenerative response at 2 weeks. In group E where islet antigen was substituted none of the islets were enlarged, and the effect could not be attributed to insulin present in the islet homogenate. The latter was administered only once weekly and contained less than 300 ~tU insulin. Hence, an impact of islet homogenate on serum insulin and blood glucose levels was not observed.
The increase in beta-cell mass was due to the formation of large irregularly shaped islets. Morphometry showed that the mean relative islet area had more than doubled; indeed, all of these large islets were infiltrated by immune cells while insulitis was rare in normally-sized round islets. We assume that mediators released during islet inflammation had induced beta-cell regeneration. One candidate factor is interferon gamma. Mice expressing this cytokine in beta cells show dramatic proliferation of duct cells and their subsequent differentiation into endocrine islet cells [39] . Interferon gamma as well as interleukin/1 were also found to enhance replication of fetal beta cells [40] . Our findings strongly indicate that beta-cell regeneration may occur as a response to insulitis.
